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SUMMARY
Previous studies have demonstrated that Thogoto (THO) virus is transmitted from infected to uninfected ticks cofeeding on an uninfected guinea-pig, although the guinea-pig does not develop a detectable viraemia. To investigate this mode of transmission, guinea-pigs were infested with uninfected Rhipicephalus appendiculatus nymphs prior to inoculation with either a mixture of THO virus and tick salivary gland extract, or with THO virus alone. The number of ticks that acquired the virus from feeding on animals inoculated with a mixture of virus and salivary gland extract was 10-fold greater than the number that became infected by feeding on animals inoculated with virus alone. The increase in the number of ticks that became infected was greatest when the salivary glands used in the inoculum were derived from uninfected ticks, which had partially fed for a period of 6 days. Viraemia was not detected in any of the guinea-pigs tested during the experiments. These results indicate that THO virus transmission is enhanced by factor(s) associated with the salivary glands of ticks, and that these factor(s) may facilitate 'non-viraemic' transmission between infected and uninfected ticks.
In nature, infected and uninfected vectors of arthropod-transmitted viruses must frequently feed together on the same vertebrate host. In general, the host is considered to take part in the virus transmission cycle if it becomes infected and develops viraemia, providing a virus-laden blood-meal for the vector. On this premise, animals are considered important in the epidemiology of an arthropod-borne virus disease if they develop a viraemia that satisfies the threshold level considered necessary to infect the arthropod vector (Hardy et al., 1983) . However, in the laboratory we have demonstrated that transmission of a tick-borne virus can occur without the vertebrate developing a detectable viraemia. Moreover, in these studies 'nonviraemic transmission' (NVT) was more efficient than classical 'viraemic transmission' (Jones et al., 1987) . This study was undertaken to investigate the mechanism of NVT.
Experiments were conducted with Thogoto (THO) virus, a virus of medical and veterinary significance that is structurally and morphogenetically similar to the influenza viruses (Haig et al., 1965; Clerx et al., 1983; Davies et al., 1986) . The virus was originally isolated from ticks collected in Kenya (Haig et al., 1965) and has subsequently been detected throughout central Africa and in parts of the Middle East and southern Europe (Davies et al., 1986) .
THO virus is transmitted biologically by the African three-host ixodid tick species, Rhipicephalus appendiculatus (Davies et al., 1986) . A laboratory colony of R, appendiculatus was maintained by feeding the ticks on guinea-pigs as previously described (Jones et al., 1988) . The inter-feeding stages were maintained in perforated tubes held inside a desiccator at a temperature of 28 °C and at 809/oo relative humidity. The Sicilian SiAr isolate of THO virus (Albanese et al., 1972) was used throughout the study. This virus has been passaged seven times through suckling mouse brain, plaque-purified three times in Vero cell cultures and then passaged three times in BHK-21 cell cultures. t Enhancement of virus transmission was measured by the number of uninfected ticks that became infected when compared to ticks feeding on the control guinea-pigs. Ticks were assayed for virus 12 days postengorgement, the time of maximum virus titre.
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:~ The percentage mean + standard error of ticks that became infected from feeding on an inoculated guineapig.
For virus transmission studies, guinea-pigs were infested with 50 or 70 uninfected R. appendiculatus nymphs. Each guinea-pig was inoculated with 5000 p.f.u, of THO virus with or without organ extracts. Salivary glands from R. appendiculatus or Amblyomma variegatum female ticks which had fed for 5 days on guinea-pigs, Anopheles stephensi salivary glands and various organs from R. appendiculatus were dissected out, placed in phosphate-buffered saline, frozen at -20 °C and extracted by homogenization and low speed centrifugation. Virus transmission was measured by the number of uninfected ticks that became infected. Ticks were assayed for virus 12 days post-engorgement, the time of maximum virus titre (Davies et al., 1986) .
Virus assays were performed by individually homogenizing nymphs in 1 ml of Eagle's MEM containing 10~ newborn calf serum and appropriate antibiotics to inhibit bacterial growth. Blood samples were obtained daily by cardiac puncture from anaesthetized guinea-pigs. Titration of blood or tick-derived material was performed in Vero ceils incubated at 35 °C for 4 days prior to fixation and staining.
Initial studies were conducted to determine the effect of tick salivary gland extracts on the acquisition of THO virus by uninfected ticks (Table 1) . Guinea-pigs (GP 1 to GP5) were infested with uninfected nymphs and then inoculated subcutaneously into the left posterior side (approximately 12 cm from the tick chamber) with a mixture of 5000 p.f.u, of THO virus and the extract of four homogenized salivary glands from uninfected, female R. appendiculatus (fed for 5 days); control animals (GP14 to GP16) were inoculated with 5000 p.f.u, of THO virus. After engorgement, it was found that the mean number of ticks that became infected by feeding on animals inoculated with virus plus salivary gland extract was approximately 10-fold greater than the mean number of infected ticks from control animals ( Table 1) . Similar results were obtained when guinea-pigs (GP6 and GP7, Table 1 ) were inoculated with a mixture of THO virus and salivary gland extracts from uninfected, female A. variegatum (fed for 5 days), another tick vector of THO virus (Davies et al., 1986) . During the period of engorgement (5 to 7 days), viraemia was not detected in any of the guinea-pigs indicating that the mechanism of enhancement resembles that of NVT between infected and uninfected ticks.
In the second set of experiments, guinea-pigs were inoculated with a mixture of THO virus and either salivary gland extract from A. stephensi mosquitoes (GP8) or an extract from selected organs from partially fed R. appendiculatus female ticks (fed for 5 days; GP9 to GP13) ( Table 1) . The mean number of ticks that became infected by feeding on these guinea-pigs was similar to that of the controls (GP14 to GP16); viraemia was not detected throughout the feeding period. These results demonstrate that enhancement of virus transmission to ticks is a specific property of tick salivary glands (at least for the two tick species tested). Further experiments were conducted to determine whether enhancing factor(s) associated with the salivary glands of R. appendiculatus are present throughout the tick feeding period.
Eight uninfected guinea-pigs (GP 17 to GP26) were each infested with a total of 40 uninfected R.
appendiculatus (20 male, 20 female). At various days post-attachment, female ticks were removed and their salivary glands dissected. A mixture of THO virus and salivary gland extract (20 I~g protein/guinea-pig) from either unfed ticks, or from those which had fed for a period of 1, 4, 6 or 8 days, was inoculated into two uninfected guinea-pigs/sample (GP17 to GP26; Table 2 ). The number of ticks that became infected reached a maximum when the inoculum included salivary gland extracts derived from uninfected ticks harvested on day 6 of feeding. After 6 days of feeding the enhancing effect of the salivary gland extracts was significantly reduced. Enhancement of THO virus transmission was not observed when salivary gland extracts of unfed ticks, or ticks fed for only 1 day, were inoculated with the virus. To examine whether tick salivary gland extracts affected viral infectivity, THO virus (6-2 loglo p.f.u./ml), with or without salivary gland extract (from female R. appendiculatus fed for 5 days), were titrated by subcutaneous inoculation of 2-day-old mice (Pathology Oxford strain). The median lethal dose, LD50/ml, of THO virus mixed with extracts from two salivary glands was determined as 5.5 log~o and for virus alone 5-6 log~0 p.f.u./ml. Similar results were obtained when the virus was titrated by a plaque assay in cell culture. In order to determine whether enhancement of virus transmission involved a localized or generalized effect in the host, eight guinea-pigs were infested with uninfected nymphs (Table 3) . Three guinea-pigs, GP27, GP28 and GP29 were then inoculated with a mixture of THO virus and R. appendiculatus salivary gland extract (female ticks fed for 5 days) into the left posterior side of the animal, another three, GP30, GP31 and GP32, with THO virus into the left and salivary gland extract into the right posterior sides. The control animals, GP33 and GP34 were inoculated with THO virus alone. Enhancement of virus transmission to uninfected feeding ticks was only observed in GP27, GP28 and GP29, when THO virus and salivary gland extract were inoculated as a mixture into the same site on the guinea-pig.
Arthropod vectors of an animal virus become infected when they feed on the blood of a v iraemic host [Technical Report Series, World Health Organization (1967), vol. 719] . However, we have demonstrated the infection of ticks after feeding on apparently non-viraemic hosts (Jones et al., 1987) . Our investigations of the mechanism of NVT indicate that factor(s) that potentiate virus transmission are associated with the salivary glands of ticks. The process of attachment and feeding of ticks results in changes both in the morphology and the secretions of their salivary glands (Kemp et al., 1982) . Enhancement of virus transmission was observed only when salivary glands were employed from ticks which had fed for a period of 4 to 6 days; by day 8 of feeding the enhancing effect had decreased significantly. Therefore salivary gland factor(s) which enhance virus transmission are not present throughout the tick feeding period.
The mechanism by which tick salivary gland constituents enhance virus transmission is unknown. However, the inability of these factors to enhance viral infectivity in a permissive vertebrate host or cultured cells suggests that enhancement is not achieved by direct action on the virus e.g. by protease activity. The saliva of ticks has several pharmacological properties including anti-haemostatic, anti-inflammatory, and immunosuppressive activities (Ribeiro, 1987) . These factors, or others not mentioned, may manipulate the host's immune system resulting in the potentiation of NVT. The observation that enhancement of virus transmission occurred only when virus and salivary gland extract were delivered together (as would be the case for virus transmitted by an infected tick) gives an indication that the enhancing effect is localized within the host.
Enhancement of infectivity by salivary glands has been demonstrated with the sandfly, Lutzomyia longipalpis, in Leishmania transmission (Titus & Ribeiro, 1988) . The mechanism by which salivary gland constituents exacerbate cutaneous leishmaniasis probably differs from that involved in NVT. Nevertheless it appears that the salivary glands of haematophagous arthropods can play an integral role in disease transmission, with the parasite utilizing the physiological activities of the vector's feeding mechanism to enhance its own infectivity.
